The effects ofpulmonary hypertension on cardiopulmonary function were investigated by ventilatory, haemodynamic, and metabolic studies at rest and during exercise. The studies were carried out in 12 patients with primary, thromboembolic, or residual pulmonary hypertension after surgical closure of intracardiac defects, and in II patients with pulmonary hypertension secondary to obstructive lung disease. The findings have been compared with earlier published results of similar studies, performed in other situations associated with pulmonary hypertension.
The factors determining exercise ventilation in the various forms of pulmonary hypertension are discussed. Evidence is given that tissue hypoxia may be implicated in the genesis of the mild hyperventilation seen in lung disease. In primary and thromboembolic pulmonary hypertension the haemodynamic abnormalities, changes in arterial blood composition, or tissue hypoxia are apparently not responsible for the excessive ventilatory response. It is believed that hyperventilation in these conditions is a consequence of abnormal receptor impulses from the lungs.
The study of functional disturbances in patients with pulmonary hypertension has attracted the attention of many investigators and several reports have been published over the past few years. Particularly intriguing is the exercise hyperventilation seen in some of these patients.
In previous papers, we have described the respiratory, circulatory, and biochemical changes, at rest and on effort, in patients with pulmonary hypertension accompanying left heart disease (Gazetopoulos, Davies, and Deuchar, I966a) , left-to- 
Subjects and methods
Twenty-three patients were studied. Cases I-9 had primary or thromboembolic pulmonary hypertension, Cases I0-I2 had residual pulmonary hypertension after surgical closure of intracardiac defects, and Cases I3-23 had pulmonary hypertension in association with chronic obstructive lung disease. Patients with pulmonary venous hypertension or a shunt in either direction were thus excluded. One patient (Case 2) was studied twice. At the time of the second study, 3 years after the first, his clinical condition had deteriorated and congestive heart failure had appeared. Clinical data on patients studied are shown in Table i .
All patients were investigated at Guy's Hospital, London or at Nosileutikon Idryma M.T.S., Athens. The techniques of study in both centres were similar, with only minor differences, and details of these have been given previously. Lung function was studied by techniques described by Davies and Gazetopoulos (I967) , predicted values being taken from Bates, Macklem, and Christie (I97I) . Haemodynamic and ventilatory measurements at rest and on effort were made during cardiac catheterization by standard techniques (Gazetopoulos et al., 1966b) . Arterial blood oxygen saturation, pH, Pco2, lactate, and pyruvate were estimated by methods described by Davies, Gazetopoulos, and Oliver (I965) .
Exercise was performed in the supine position and lasted for I0 minutes. All measurements were made simultaneously after the 5th minute of constant exercise when a steady state had been reached. The exercise load was low (I00-400 kpm/min), being set according to the ability of each patient. If the patient were able to complete one exercise level without distress, the load was increased and the measurements were repeated during exercise of the same duration. Table i shows the clinical characteristics of the patients. Table 2 shows the results of the lung function tests. There is little abnormality of the measured respiratory parameters in patients with primary, thromboembolic, and residual pulmonary hypertension. Table 3 shows the ventilatory and haemodynamic findings and the arterial blood composition at rest and on effort.
Results
The relation between exercise oxygen uptake and cardiac output is shown in Fig. i . Cardiac output is reduced in patients with primary, thromboembolic, and residual pulmonary hypertension, though in the group with lung disease there is little or no reduction. Fig. 2 however, with the highest pulmonary arterial pressure (Case 2a) shows the least reduction in cardiac output among all patients with primary and thromboembolic pulmonary hypertension. In Fig. 3 the relation between minute ventilation and oxygen uptake on effort is seen. An obvious exercise hyperventilation is noted in most patients with primary or thromboembolic pulmonary hypertension, though there are some exceptions. The degree of hyperventilation, expressed in litres per minute above the mean predicted value for the given exercise oxygen uptake, was plotted against the pulmonary arterial systolic pressure, the total pulmonary vascular resistance, and the degree of reduction of cardiac output in Fig. 4 , 5, and 6, respectively. No relation is seen. Fig. 7 shows the main findings in the two studies of Case 2. Heart failure developed during 3 years between the two studies. Hyperventilation on effort became more pronounced, cardiac output fell, and lactate production increased. In Fig. 8 the degree of exercise hyperventilation has been plotted against lactate levels. For comparison, we have included in this Figure, the relevant findings from patients with isolated pulmonary stenosis where tissue hypoxia, evidenced by lactate production, is likely to be the sole determining factor of exercise hyperventilation (see Discussion). It is seen that in primary and thromboembolic pulmonary hypertension the ventilatory response is, as a rule, much greater than in patients with pulmonary stenosis having a similar degree of lactic acidaemia. In the patients with lung disease and in 2 of the 3 with residual pulmonary hypertension the pattern of response seems similar to pulmonary stenosis. The third subject of the last group (Case io) had evidence of pulmonary embolism.
None of the other haemodynamic or biochemical factors seemed to be associated with the degree of hyperventilation. In agreement with many others (McIlroy and Apthorp, I958; Kitchin, Lowther, and Matthews, I96I, Wessel, Kezdi, and Cugell, I964; Shaw et al.,  1965), we have found that the cardiac output is reduced, especially during exercise in primary and thromboembolic pulmonary hypertension, and that it is usually in the low-normal range in pulmonary hypertension due to obstructive lung disease (Fig.  i) . Usually, the higher the pulmonary arterial pressure in both these situations, the lower the cardiac output (Fig. 2) .
Similar findings were observed in pulmonary hypertension secondary to left heart disease (Gazetopoulos et al., I966b) and in relation to the systemic blood flow in hyperkinetic pulmonary hypertension (Davies and Gazetopoulos, I966b) . The few existing haemodynamic data in patients with pulmonary interstitial fibrosis (Wade and Bishop, I962; Sackner et al., I964) and residual postoperative pulmonary hypertension (Fig. 2) , also suggest a similar circulatory disturbance. In the Eisenmenger syndrome, systemic hypertension is in most cases obligatory and the effective pulmonary flow is not as closely related to the level of pulmonary arterial pressure, though it is low.
Pulmonary hypertension is thus associated with reduced cardiac output, particularly on effort, but exceptions occur as is seen in the first study of our Case 2 and probably in residents at high altitude (Penaloza et al., I963) . Other factors, such as the presence of atrial fibrillation and myocardial fibrosis may contribute to the low output. On the other hand, hypoxaemia is likely to have an opposite effect (Shaw et al., I965) .
The effect of pulmonary hypertension on the function of the lungs is variable, and depends on the underlying condition (Table 4) . In primary and thromboembolic pulmonary hypertension, routine pulmonary function tests show virtually normal values, and compliance is normal or slightly impaired (McIlroy and Apthorp, I958; Wessel et al., I964; Jones and Goodwin, I965; Storstein et al., I966; and Table 2 ). Only more sophisticated measurements, such as the distribution of ventilation and perfusion, indicate how gross the disturbance of lung function may sometimes be (Bass, Heckscher, and Anthonisen, I967) . In left heart disease with pulmonary venous hypertension (Donald, I959) , the lungs are stiff as a result of vascular engorgement and perivascular oedema and fibrosis. Airway resistance is normal or slightly increased. Ventilationperfusion abnormalities may occur, particularly in the more chronic situations such as mitral stenosis. In left-to-right shunts with hyperkinetic pulmonary hypertension the lung compliance is reduced but other aspects of lung function remain near normal (Davies, Williams, and Wood, I962; Woolf, I963; Davies and Gazetopoulos, I967 (Gazetopoulos et al., I966a) . The existence of a similar mechanism deterniining hyperventilation in primary and thromboembolic pulmonary hypertension appears to be supported by Case 2 where the progress of the disease was associated with further reduction in cardiac output, increased lactic acidaemia, and increased ventilation (Fig. 7) . However, ventilation increased disproportionately to the degree of lactic acidaemia in this case, when compared with cases of pulmonary stenosis. Furthermore, other patients with primary or thromboembolic pulmonary hypertension who showed similar degrees of exercise hyperventilation had low lactate levels (Fig. 8) . This suggests strongly that factors other than tissue hypoxia are playing an important role in the determination of exercise ventilation in these patients.
In mitral valve and left heart disease, we showed that exercise hyperventilation is also disproportionate to the lactate levels, and is related mainly to the increase in left atrial pressure (Gazetopoulos et al., I966b). In left-to-right shunts with hyperkinetic pulmonary hypertension pronounced hyperventilation does not usually occur, except when pulmonary venous hypertension is present (Gazetopoulos and Davies, I966) . In the Eisenmenger syndromes, as in other varieties of severe cyanotic congenital heart (Davies and Gazetopoulos, I965) . The observation that patients with persistent ductus and the 'Eisenmenger syndrome', in whom the venous blood bypasses the carotid and brain chemoreceptors, do not hyperventilate significantly, indicates the absence of other powerful respiratory stimuli in the Eisenmenger syndromes (Gazetopoulos et al., I972) .
In cor pulmonale due to obstructive lung disease, hyperventilation is not pronounced and is of a degree that would be expected to occur as a result of tissue hypoxia, with a mechanism similar to pulmonary stenosis (Fig. 8) . The same mechanism is also likely to determine the ventilatory response in the majority of patients with hyperkinetic pulmonary hypertension (Gazetopoulos and Davies, I966) , in patients with 'Eisenmenger ductus' (Gazetopoulos et al., I972) , and possibly in residual postoperative pulmonary hypertension, as well as in pulmonary hypertension due to high altitude.
The fact that patients with primary or thromboembolic hypertension hyperventilate much more than those with pulmonary stenosis or obstructive lung disease, with similar lactate levels, leads to the conclusion that a low cardiac output with consequent tissue hypoxia is not an important cause of hyperventilation in this group. This brings back the focus of attention from the periphery to the lungs themselves.
It is true that in patients with primary and thromboembolic pulmonary hypertension the pulmonary blood flow is grossly limited and many ventilated alveoli receive no perfusion. It would be reasonable to assume that, in order to cover the oxygen needs of the body, every means available should be used to increase oxygen transport in the lungs by raising the Po2 in the perfused alveoli; it is possible that the observed gross effort hyperventilation is related to this requirement.
However, because of the adaptability in chronic hypoxaemia (Severinghaus, Bainton, and Carcelen, I966; Edelman et al., I968) and since other forms of heart disease associated with low alveolar perfusion show no pronounced hyperventilation, one must come to the conclusion that ventilation in these patients is driven by abnormal receptor impulses from the lungs and pulmonary vessels. There is some evidence that such impulses do exist (Guz et al., 1970) 
